Abstract This article deals with the tribology of lipid coatings that resemble those found on human skin. In order to simulate the lipidic surface chemistry of human skin, an artificial sebum formulation that closely resembles human sebum was spray-coated onto mechanical skin models in physiologically relevant concentrations (5-100 lg/cm 2 ). Water contact angles and surface free energies (SFEs) showed that model surfaces with B25 lg/cm 2 lipids appropriately mimic the physico-chemical properties of dry, sebum-poor skin regions. In friction experiments with a steel ball, lipid-coated model surfaces demonstrated lubrication effects over a wide range of sliding velocities and normal loads. In friction measurements on model surfaces as a function of lipid-film thickness, a clear minimum in the friction coefficient (COF) was observed in the case of hydrophilic, high-SFE materials (steel, glass), with the lowest COF (&0.5) against skin model surfaces being found at 25 lg/cm 2 lipids. For hydrophobic, low-SFE polymers, the COF was considerably lower (0.4 for PP, 0.16 for PTFE) and relatively independent of the lipid amount, indicating that both the mechanical and surface-chemical properties of the sliders strongly influence the friction behaviour of the skin-model surfaces. Lipid-coated skin models might be a valuable tool not only for tribologists but also for cosmetic chemists, in that they allow the objective study of friction, adhesion and wetting behaviour of liquids and emulsions on simulated skinsurface conditions.
Introduction
Human skin is our ''living envelope'' and the largest organ, covering a surface area of between 1.6 and 2 m 2 in adults [1] . The surface is usually protected by an acidic hydrolipid film (pH 4-6), which controls skin flora, prevents colonisation of the skin by pathogenic species, and acts as defence against invading microorganisms [1] . The hydrolipid film is composed of water and sebum, which are excreted from sweat and sebaceous glands, respectively. Water and sebum move towards the skin surface and cover the stratum corneum (SC) as a water-oil emulsion. The SC can be described in terms of a brick-and-mortar model [2] , in which the corneocytes (bricks) are embedded in lamellar epidermal lipids (mortar) [3] , which function as an efficient barrier against extreme water loss.
In the past, several chemical SC models were developed and characterised regarding lipid phase behaviour [4] [5] [6] , lamellar organisation/orientation [7] , kinetics of barrier formation [8] and permeation properties [9, 10] . Using silicone replicas from skin, Charkoudian prepared a micro-structured gelatine-based lipid model surface for testing and assessing adhesion of medical tapes to the skin [11] .
There is, however, an increasing scientific interest in the tribological properties of lipids [12] , as well as in the development of mechanical skin models. Skin models are of general importance in the objective, reliable and timesaving assessment of skin friction against external contact materials (e.g. when touching/handling objects, wearing clothes, or shaving the skin). In this connection, lipidcoated skin models and an artificial sebum formulation, respectively, could be used for studying not only the frictional and optical properties of skin or hairs, but also the release and absorption of chemicals from materials in contact with skin. In particular, soft elastomers (e.g. silicones) have been investigated as candidate materials in studies focussing on viscoelastic, mechanical skin models [13, 14] . We have recently shown that a polyurethanecoated polyamide fleece with a surface topography and roughness close to that of human skin is an appropriate mechanical skin equivalent for the objective assessment of fabric friction [15] . However, this model does not take into account the surface chemistry of human skin.
So far, the application of an artificial sebum formulation to skin models has not been reported in the literature, and the simulation of skin lubrication remains largely unexplored. Coatings with sebum-like lipids might therefore be a promising path for mimicking the surface lipid chemistry of the SC, which is considered to play an important role in skin tribology [16] [17] [18] [19] . Sivamani et al. [19] reviewed the current state of skin tribology. It is generally acknowledged that skin-friction depends on the type of contacting materials, as well as on the physiological skin condition (e.g. hydration state [15, 20, 21] ) and on mechanical contact parameters, especially on the normal load and the sliding velocity [20, [22] [23] [24] as a consequence of the viscoelastic material properties of human skin. The role of sebum lipids and their interactions with water have not been fully elucidated yet [16, 17, 25, 26] and were controversially debated. Gupta et al. [16] found a positive relationship between sebum level and forearm skin-friction, whereas Cua et al. [17] observed practically no correlation between both parameters for eleven different skin sites and suggested that surface lipids might play a limited role for skinfriction.
In this article, we report on the fabrication and characterisation of improved, lipid-coated skin models for the simulation of skin lubrication. Skin-relevant lipid mixtures were applied to an existing skin-simulating material in order to mimic the lipidic components of the hydro-lipid film of dry skin. The objectives were (a) to produce a realistic artificial sebum formulation, (b) to prepare lipid films with physiologically relevant concentrations (5-100 lg/cm 2 ), and (c) to characterise the physicochemical properties (hydrophobicity, surface energy), as well as the tribological behaviour of lipid-coated skin models against different spherical sliders.
Materials and Methods

Artificial Sebum
A synthetic sebum formulation, which reflects the correct lipid class composition of human sebum and its relative proportions of saturated and unsaturated acyl chains, has been adopted from the literature [27, 28] . Native sebum contains &32% triglycerides, &25% wax esters, &27% free fatty acids, &6% sterols, and &10% squalene [1] . On this basis, an artificial sebum formulation (Table 1) consisting of nine lipids in proportions that closely resemble human sebum has been produced [28] . A stock solution (10 g/L) with a total mass of 5 g of lipids was prepared at room temperature by dissolving appropriate amounts of all the listed chemicals in 0.5 L of chloroform-methanol solvent (2:1). The stock solution was magnetically stirred for &15 min at 23°C and 50% relative humidity to ensure complete dissolution and mixing of the lipids, and was further diluted to concentrations of 5, 2.5, 1, 0.5 g/L. All chemicals were purchased from Sigma-Aldrich (Schnelldorf, Germany). Tristearin and cholesteryl oleate were of technical grade, triolein of practical grade (&65%). All other lipids had purities of C95%, and the solvents were of analytical grade.
Skin Model Substrate and Film Preparation
A polyurethane-coated polyamide microfibre fleece (Lorica soft Ò , Lorica Sud, Milan, Italy) showing a surface topography and roughness similar to that of human skin ( Table 2) was chosen as a model substrate [15, 22, 29, 30] . Pump vapouriser bottles (Type 215-6274, VWR, Dietikon, Switzerland) were used to manually spray the lipid mixtures onto the substrates, as described in detail in [31] . The volume of five pump cycles (5 9 100 lL) was applied to an area of 50 cm 2 (size: 12.5 cm 9 4 cm) from a distance of approximately 5 cm. The films were then carefully covered with plastic caps (internal height &1 cm) for about 1 h to ensure slow solvent evaporation, allowing effective spreading and adsorption of the lipids on the model skin surface.
The as-prepared films had theoretical average concentrations of 5, 10, 25, 50 and 100 lg/cm 2 , which represent a range of sebum concentrations on different anatomical sites [1, 32] . Lipid concentrations were calculated on the basis of the dissolved lipid amounts and the sprayed volume, assuming a homogeneous distribution of the lipids on the substrate. Using these results, lipid film thicknesses were determined considering a sebum density of 0.91 g/cm 3 [1] . The nominal thickness of the films was in the range 0.11-1.1 lm, which is in the order of skin surface lipid film thicknesses in vivo [32] , and about 20-200 times greater than the thickness of a lipid bilayer [33] . A solely solventtreated substrate served as a control. All lipid films were freshly prepared on the evening before tribological testing and other experimental analyses, in order to avoid alterations of the lipids or possible influences due to ageing/ oxidation of the unsaturated lipids [28] . All lipid coatings were preconditioned for at least 12 h under controlled laboratory conditions (20 ± 1°C, 65 ± 5% relative humidity). All the films were prepared by the author (L.-C.G) to standardise the fabrication method.
Lipid Film Characterisation
Iodine Staining Method
The homogeneity of the dispersion of the lipids was assessed by the iodine-vapour-staining method. Exposed to iodine vapour, an electrophilic addition of iodine to the carbon-carbon double bond of unsaturated lipid chains takes place (Fig. 1) .
Since the solely solvent-treated skin model Lorica became stained by the iodine vapour, a chromatography filter paper (saturation pad, Type 22.5243, CAMAG, Muttenz, Switzerland) was alternatively employed as substrate to visualise the dispersed lipids. Iodine crystals (&3 g) were placed in a round glass chamber (volume: 0.5 L) and allowed to sublimate at room temperature until the jar was saturated with iodine vapour. Subsequently, the filter paper specimens with and without lipids were vertically placed into the jar and exposed to the iodine vapour for 3 min. Due to the reaction shown in Fig. 1 , the initially unstained, lipid-coated filter papers fabricated in the same way as described in Sect. 2.2, turn to a deeply yellow or brown colour depending on the concentration of lipids applied (Fig. 2 ).
Scanning Electron Microscopy (SEM)
All skin models were inspected with a field-emission scanning electron microscope (FEG-SEM S-4800, Hitachi, Tokyo, Japan) using a secondary-electron detector operating in a high-vacuum mode (\1 mPa) and 15-kV accelerating voltage. Surface morphology, film homogeneity and changes in the microstructure upon the friction process were qualitatively assessed. The samples were sufficiently conductive so that no special sample preparation or sputtering was necessary. Index finger [22] 26.1 ± 6.1 (19) (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) (31) (32) (33) 87.3 ± 17.1 (62-99) Edge of hand [22] 14.9 ± 6.7 (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) 
Contact Angle Measurements
The chemical properties of skin-model surfaces were assessed with a DSA-100 (KRÜ SS, Hamburg, Germany) contact angle (CA) measurement instrument, operating at (22 ± 1)°C and (50 ± 5)% relative humidity. A drop of 4-5 lL was gently deposited onto the respective surface, and static CAs recorded within 10 s after deposition to minimise evaporation of volatile fluids and measurement uncertainty due to time-dependent spreading of the liquid over the rough skin model surfaces. Contact angles were calculated using a circular algorithm method, implemented in the KRÜ SS Drope Shape Analysis software (DSA 3, Release 1.60). Hydrophobicity/hydrophilicity of the surfaces was determined by assessment of water CAs. The surface free energy (SFE) of the skin model surfaces was determined according to the method proposed by Owens, Wendt, Rabel and Kaelble [34] [35] [36] , as described in detail in [37] . Measurements were performed using three liquids with different polar and dispersive components, ultrapure water (resistivity: 18.2 MX/cm), ethylene glycol, and hexadecane (both analytical grade, Fluka, Schnelldorf, Germany). At least 15 CAs were measured per liquid, on three different locations of at least five separate models, with and without lipids.
The physico-chemical surface properties of the different slider materials (Sect. 2.4) were investigated using the same methods and a CA measurement system G10 (KRÜ SS, Hamburg, Germany).
Friction Experiments
Sliding friction experiments were carried out using the textile friction analyser, as described elsewhere [38] . Briefly, spheres of various solids (polished stainless steel X5 CrNi 18-10, smooth glass, PP, PTFE, Ø 10 mm) were rubbed in a reciprocating motion against the different skin models (thickness of Lorica: 1.1 mm). Every 50 cycles, the mean dynamic sliding friction coefficient (COF) was calculated from the ratio of friction force to normal force. Friction measurements were performed over at least 50 cycles allowing friction to be studied following possible running-in effects. In the friction experiments, the influence of lipid concentration, normal load and sliding velocity on the COF against diverse materials was investigated as a function of rubbing cycles. New samples of skin models were used for each test, and the solid spheres were cleaned with 70% ethanol before each experiment. At least four tests were carried out per skin model. Data are presented as mean ± 1 standard deviation (SD).
Results and Discussion
Film Characterisation
Iodine staining as well as SEM revealed a homogeneous lipid distribution. There was a notable increase in the yellow stain for the lipid-coated filter papers compared to the solvent-treated control filter paper, with the deepest yellowish colour appearing for the 100 lg/cm 2 lipid coating (Fig. 2 ). SEM images indicated that an increasing amount of lipids present on the skin-model substrate resulted in rougher surfaces (Fig. 3) .
Water CAs ranged from (74.4 ± 3.6)°for the solventtreated control skin model (SMC) to (120.7 ± 3.9)°for the model surface with 100 lg/cm 2 lipids (SM100) ( Table 3) . Treatment by the solvents rendered the originally hydrophobic, almost non-polar artificial leather (Water CA &110°) to be hydrophilic and highly polar. This alteration in the surface chemistry probably arises from the removal of substantial amounts of dibutylphthalate plasticiser, as shown by GC-MS analysis (HP 5890 GC, HP 5989A MS-ENGINE, Hewlett-Packard, Avondale, USA).
The range of water CAs (74-121°), as well as the gradual increase in the water CA with increasing lipid amount suggest that the upper lipid layer is randomly oriented rather than well organised. It has been reported that supported lipid bilayers are unstable upon exposure to air since the lipids spontaneously rearrange themselves [39] . With increasing amount of lipids, the model surfaces became more hydrophobic and non-polar, concurrent with a tendency to lower SFE. The dispersive (non-polar) (Table 3) .
Extracted human sebum has a viscosity of 171 mPaÁs at 20°C [40] . However, the physiological viscosity of human sebum is probably lower because of superficial water (usually from sweat), with which the lipids can interact to form a water-sebum emulsion on the skin surface.
The fabricated lipid coatings corresponded to physiological concentrations usually found on human skin [1, 32] . Lipid film thickness of less than 0.5 lm was observed on sebum-poor skin areas (forearm, extremities) and greater than 4 lm in areas of the sebum-rich facial skin [32] . On the former skin areas, lipid amounts of B10 lg/cm 2 are usually found, whereas on the latter [41] , which places the forearm among almost non-polar, lowenergy surfaces.
However, the trend to higher hydrophobicity and lower SFE for skin models with increasing lipid content was in contrast to in vivo data published for different anatomical sites with varying amounts of sebum [26] . Mavon et al. reported water CAs of 88°on the sebum-poor forearm and of 55°on the sebum-rich forehead [26] . They further showed that sebum lipids increase human skin SFE, being (38.7 ± 6.4) mN/m on the forearm and (42.5 ± 3.9) mN/m on the lipid-rich forehead [26] . The dispersive components remained fairly constant, confirming the results of this study (Table 3) .
Mavon et al. suggested that sebum gives the skin surface a hydrophilic character, but questioned the mechanisms behind the wetting-enhancing effect of sebum [26] . In particular, free fatty acids (abundant on sebum-rich skin surfaces) might play an important role for the wettingenhancing effect of sebum and seem to interact with the compounds of the sebum-sweat emulsion in such a way that they change the physico-chemical properties of the skin surface [25, 26] . Owing to its amphiphilic character, sebum has the ability to convert hydrophobic surfaces to slightly hydrophilic, and vice versa, if they interact with the surface through a specific functional group.
The discrepancy in the SFE and water CA data between in vivo results and this study might also be due to greater sweat-gland density and higher skin moisture content on the sebum-rich forehead in comparison to volar forearm skin [1] .
Friction Experiments: Influence of Lipid Concentration
The durability and long-term behaviour of the lipid films were observed over a period of 400 friction cycles using a steel ball as tribo-partner (Fig. 4) . All lipid skin model surfaces showed lubrication effects and lower friction than the solvent-treated SMC throughout the experiments, indicating the stability of the coatings. Initial COFs ranged from 0.43 for the skin model with 25 lg/cm 2 lipids (SM25) to 0.61 (SMC). Final COFs varied between 0.62 for the model with 100 lg/cm 2 lipids (SM100) and 0.94 (SMC).
In tribo-systems, depending on the presence and amount of lubricants, as well as the minimum separation in the lubricant film between the contacting surfaces, the friction force can be produced by four different physical mechanisms: (a) dry friction, (b) boundary friction, (c) mixed friction and (d) hydrodynamic friction. In cases where the lubricant film does not completely separate the surfaces, the friction results from the contact of lubricated surface asperities and from shearing of the thin lubricant film that adheres to the tribo-counterfaces [42] .
Due to the small nominal lipid film thickness (B1.1 lm) and the high roughness value (R z = 91 lm) of the polymer skin model substrate (Table 2) , we consider the system under the given test conditions (normal load: 2 N, sliding velocity: 62 mm/s or B100 mm/s in Sect. 3.3) in the boundary lubrication regime (for uncoated skin models: dry friction).
Under boundary lubrication conditions, the friction of a spherical rigid indenter against a compliant polymer surface is characterised by contributions from adhesion and deformation in the form of hysteresis and ploughing [42, 43] . The thin sebum lipid layer can be considered as a viscous lubricant film, so that the adhesion component of frictionarising from surface forces between the lubricated asperities of the skin model and the steel sphere-is greatly affected by the amount of lipids. Consequently, in boundary-lubricated systems, the overall COF can be written as [42] :
In general, the tendency to lower friction for lubricated surfaces can be attributed to both the suppression of adhesive van der Waals forces and the reduction of the shear strength of the lubricated contact points [42, 44] . Increase of friction can be ascribed to greater adhesive/ attractive forces (e.g. capillary forces) and greater real contact area (RCA). Thus, in the friction contact of the steel ball against the different lipid films, the combination of two competitive effects, namely, interfacial shear strength (ISS) and RCA, influences the adhesion component of friction and can be used to qualitatively interpret the experimental data.
On the basis of SEM images (Fig. 5 ) and friction curves obtained from repetitive experiments on the same skin model, the strongly increasing COFs for the SMC (Fig. 4) , as well as for skin models with 5 and 10 lg/cm 2 lipids (SM5, SM10), can be reasonably explained by viscoplastic asperity flattening and irreversible deformation that increase the RCA. These effects are assumed to be more important than shear strength reduction provided by the lipid layer on the model substrate. With increasing lipid amount, the surface of the skin-model substrate seems to become protected from the former effects, leading to lower rises in the COF with rubbing time.
The relatively high initial COF of 0.60 for SM100 (Fig. 4) indicates substantial adherence of lipids to the steel ball leading to greater RCA due to the high amount of lipids on the surface. In addition, the relatively stable friction trace for SM100 suggests that viscoplastic asperity flattening and depletion of lipids (Fig. 5) were less pronounced than for SM10, and that a relatively constant RCA and adhesion component may dominate the friction behaviour. In all the skin models investigated, capillary bridges from moisture condensation are unlikely due to the hydrophobic nature of the skin model surfaces (water CAs: 74-121°, Table 3 ).
Friction Experiments: Influence of Sliding Velocity
Two contrasting cases, SM10 and SM100, were further investigated and compared with the tribological behaviour of the SMC. The influence of sliding velocity on the COF is shown in Fig. 6 .
Both lipid-coated skin model surfaces showed lubrication effects over the range of sliding velocities investigated (8.4-100 mm/s). Only at low speeds (\20 mm/s), did the COF measured against SM100 exceed that of SMC, indicating increased adhesion and contact area, probably provided by compressed lipid flakes (see Figs. 3c2 and 5b) . High lipid loadings on the skin-model substrates could lead to sticking effects, explaining the systematically higher COFs of the steel ball measured against SM100 in comparison to SM10 (Fig. 6) .
Several factors can contribute to the increase in the COF with sliding velocity. First, thermal effects could increase adhesion at high sliding speeds. Due to the low heat conductivity, local heating-up of a polymer as a consequence of frictional heat is usually associated with material softening and increase in RCA, adhesion and friction [45, 46] . Thermal effects are most distinctive for the uncoated skin model, leading to the strongest rise in COFs with values ranging from &0.5 to &0.75 (Fig. 6 ). In contrast, lipids on the surface may act as an insulating intermediate layer, impairing heat conduction and local heating-up of the polymer. This view is supported by the diverging friction curves of SMC and SM10, as well as by comparable final COFs (&0.6) for SM10 and SM100 (Fig. 6) . Second, Ludema and Tabor explained the increase in friction with sliding speed by an increase in shear strength, associated with the viscoelastic bulk material properties of rubbers and polymers and their effects on the shear strength and contact area [47] . With increasing sliding velocity, the force to shear the interface and to break adhesive bonds increases, so that friction rises (''adhesion-shearing theory'' [48] ). The low COFs observed for both lipid-coated skin models indicate an effective reduction of shear strength in comparison to SMC (Fig. 6 ). In addition, the relatively constant COF for SM100 might result from a strong reduction of interfacial shear strength provided by the substantial amount of lipids.
Third, polymer friction is associated with shear-induced excitation and delayed relaxation (hysteresis) of polymer chains, due to which energy is dissipated. Greater sliding velocities would increase the hysteresis component of friction and contribute to an increase in friction with sliding speed. This effect has been reported for the rolling friction of a steel ball on polymers [48] , and is applicable to lubricated sliding due to the equivalence of rolling and lubricated sliding [42] . Hysteresis is primarily determined by the mechanical bulk properties of the Lorica substrate and can be assumed to be independent of the presence of lipid films on the surface. Therefore, we believe that the observed increases in the COF as a function of sliding speed are mainly caused by varying interfacial shear strength and adhesion in combination with thermal effects, the latter being unimportant for SM100 and most pronounced for SMC.
Friction Experiments: Influence of Normal Load
The influence of normal load on the COF of a steel ball against selected skin model surfaces is illustrated in Fig. 7 .
The COF of the steel ball against the SMC and SM10 was characterised by an increase of about 0.1 and 0.15, respectively, when the normal load was varied between 1 and 20 N. This behaviour can be explained by an increase in contact area, which results in higher energy dissipation per unit sliding area and a greater adhesion component of friction. However, adhesion effects are normally associated with COFs decreasing with normal load [42, 49, 50] . For human skin in the natural/dry condition, adhesion is considered to be the main cause of friction with minor contributions of deformation in the form of hysteresis [20, 50] . We have recently reported constant COFs of about 0.40 [15] for dry skin (index finger) rubbed against a wool fabric. The relatively constant in vivo skin-COFs in a similar normal load range (up to 15 N) indicate that both adhesion and deformation (hysteresis) contribute to skinfriction. Deformation was found to be important for skinfriction not only at increasing sliding speeds [24] , but also at high contact pressures [22] [23] [24] 51] .
Hysteresis losses [43] and ploughing [24] can increase the deformation component of friction (Eq. 1). One can reasonably assume that the deformation term increases with normal load due to ploughing of the steel ball through the soft, compliant polymer substrate, thereby producing grooves in the sliding contact interface if the shear and/or yield strength of the polymer is exceeded, i.e., plastic deformation occurs (Fig. 9) . Tang et al. [24] reported a plough model for a sphere sliding on human skin to quantify the deformation component involved in the friction. They derived the following expression:
with r being the radius of the sphere and a the radius of the contact zone, determined on the basis of force-deformation curves of the solvent-treated Lorica substrate when indented by the steel ball [31] . Using the projected contact area, i. e., spherical segment at indentation depth of the sphere, the contact radius a was determined, and the ploughing component of friction was calculated as a function of the indentation depth and normal load, respectively, according to Eq. 2. When plotting the relationship between normal load and the ploughing component of friction (Fig. 8) , the curve shape and the fit obtained for the curve are similar to that found for SMC and SM10 (Fig. 7) . This indicates that the increase in friction with normal load can be attributed to greater ploughing. In particular, the power-law exponent of 0.15 obtained from the curve fit (Fig. 8 ) is close to that for SMC (0.09) and SM10 (0.08) and supports this hypothesis.
In recent articles, power-law fits have been used to investigate the predominant friction mechanism involved in skin-tribological experiments [20, 22] . In general, friction mechanisms such as adhesion, deformation and hydrodynamic lubrication should be indicated by distinctive exponents of -1/3, ?1/3 and -1, respectively [22] . The most striking result was observed in friction measurements against SM100. The COF of the steel ball in contact with SM100 linearly decreased with normal load from 0.51 at 1 N to 0.35 at 20 N.
During the sliding, the Lorica substrate becomes stretched behind the moving steel ball, whereas a prow wave and piling-up of lipids occur in front of the steel sphere (exemplarily shown in the inserts of Fig. 10 ), in particular at higher normal loads if the thick sebum coating is scratched from the substrate and deteriorated. This disruption of lipids imbalances and decreases attractive forces acting on the steel ball, and leads to lower COFs.
In addition, with increasing load and due to flattening of the compliant surface asperities, the lipid film thickness in the contact zone may approximate or equal the resulting micro-roughness of Lorica so that a transition from boundary to mixed lubrication can take place. In the mixed lubrication regime, the normal load is partly supported by hydrodynamic pressures generated within the lipid lubricant retained in the spaces between the contacting asperities [52, 53] . This hypothesis includes the assumption that a viscoplastic deformation of the skin model (e.g. due to ploughing, Fig. 9a1 ) is taking place, enlarging the loadbearing area whereby hydrodynamic forces become capable of supporting the load.
We believe that the increase in the COF with normal load for SMC and the low lipid content surface SM10 (Fig. 7) is due to ploughing effects. Ploughing is, however, unexpected and relatively unlikely for human skin because the mechanical properties of the soft subsurface tissue (i.e., collagen/elastin fibre-water network of the dermis and subcutaneous fat) provide an efficient buffer for high mechanical loads. In a very recent study of our group, we found no evidence for plastic deformation of the skin (index finger and hand) after friction contacts at normal loads up to 50 N [22] . The decrease in the COF observed for SM100 is probably caused by considerable reduction of adhesive forces (due to disruption and deterioration of adhering lipid clusters or even of well-formed lipid menisci), in combination with a transition to mixed lubrication (characterised by flattening of the surface asperities and compacting of the lipids, thereby filling in surface interspaces, Fig. 9b1 ).
Friction Experiments: Influence of Slider Material
The influence of varying physico-chemical properties of materials in friction contacts against the skin-model surfaces was studied for two hydrophilic, high-SFE (glass, steel), as well as two hydrophobic, low-SFE (PP, PTFE) spheres (Table 4) .
When plotting the COFs of the steel/glass ball against lipid concentration, U-shaped friction graphs were obtained (Fig. 10) , being characterised by three prominent points. The highest COF was measured against the SMC (Fig. 10,  insert 1 ). Without lipids, the ISS and adhesion of the steel/ glass ball to the SMC are high. The friction of both spheres reaches its minimum at a lipid concentration of &25 lg/ cm 2 ( Fig. 10, insert 2) , where the ISS is strongly reduced. In regime A (Fig. 10) , lipids probably decrease interfacial shear strength and suppress adhesion, leading to lower COFs. As lipid concentrations exceed 25 lg/cm 2 (regime B), the relative importance of RCA and adhesion caused/ enhanced by lipids sticking to the spheres (Fig. 10, insert 3) greatly increases and may become more important than the low shear strength of the lipid layer, leading to a gradual rise in the COF. Such a behaviour was also found for human skin with increasing amounts of surface lipids by Gupta et al. [16] , who reported on a tendency to higher COFs between steel and the volar forearm, when sebum levels varied between 5 and 18 lg/cm 2 . Steel and glass behaved comparably in general and displayed the highest COFs (0.45-0.7)-greater than those of both polymers. This finding is in accordance with Caravia et al. [52] , who reported no significant differences between the COFs of a polyurethane sheet against smooth steel and glass spheres.
Elkhyat et al. [18] furthermore reported that hydrophobic spheres such as PTFE (Ø 10 mm, PTFE: COF = 0.18) sliding against sebum-poor volar forearm skin (B10 lg/ cm 2 [1, 32] ) showed much lower friction than hydrophilic spheres (steel: COF = 0.42, glass: COF = 0.74), which is in line with the results of this study measured on the 10 lg/ cm 2 skin model surface (Fig. 10) . For higher lipid contents (100 lg/cm 2 ), however, the curve in Fig. 10 probably is not representative of in vivo skin-friction behaviour because the physico-chemical properties of the skin model (Fig. 3a) , the solventtreated control surface shows considerable deformation/bulges as well as deterioration in form of a crack/fissure (a1, white arrows). The bright fringes (black arrows, a1) are no charging artefacts, but rather indicate irregular surface morphology (elevations and steep flanks caused by ploughing) leading to higher signal intensity by emitted secondary electrons. Polyamide-microfibres of the bulk substrate Lorica are clearly visible in the crack zone (a2). The deformation indicates that the shear strength of the underlying PA-fleece is exceeded. b Compared to the as-prepared film surface (Fig. 3b) , the lipids of the 100 lg/cm 2 skin model surface appear flattened and compressed (b2), and seem to partially bridge and fill the interstices of the surface microstructure. Only slight irreversible deformations caused by ploughing actions are visible (b1). The friction trace can be observed in the form of a concave impression of the steel ball (arrow, b2) Table 4 Surface-chemical properties of the slider materials. Static water contact angles (n = 5) were directly measured after gentle cleaning with 70% ethanol for &5 s. Symbols see Table 3 Slider material Water CA (°) c s (mN/m) c surfaces (SFE, hydrophobicity) are different from those reported for more hydrated, high-lipid skin regions such as the forehead (see Sect. 3.1). Forehead skin is characterised by a higher hydrophilicity and SFE [26] , as well as higher friction. For example, COFs of 0.34 and 0.26 were measured on the forehead and volar forearm, respectively [17] . For both polymers, the friction was found to be relatively constant and independent of the lipid amount applied to the skin-model substrate. The reduced COF for PP (0.40) and PTFE (0.16) can be explained by the lower interfacial shear strength coming from lower inter-molecular cohesion energies [48, 54, 55] .
Green et al. reported that hydrophobic, low-SFE surfaces in contact showed the lowest adhesion and friction [56] . On this basis, the strong decrease in the friction of steel and glass (Fig. 10, regime A) can be explained by surface-chemical interactions driven by differences in the SFE. Glass and steel probably tend to strongly interact with the low SFE skin model lipid surfaces (Table 3 ) in order to reduce or minimise their high SFE (43-55 mN/m). In this process, lipids may be ''elicited and attracted'' to cover their surfaces as mono-layers, thereby reducing and adapting the SFE towards that of the skin-model surface, which would explain the strong decrease in the friction. It has been concluded that the COF of a steel ball increases, as the SFE of its polymer counter-face (PP) increases [46] , which would support the above hypothesis.
The influence of lipid concentration on friction was much less pronounced in the case of PP and PTFE. Due to their low SFE and high hydrophobicity (Table 4) , there is probably little physico-chemical interaction between the solid polymer sliders and the amphiphilic lipids, leading to relatively constant interfacial shear strength, adhesion and COFs over the range of investigated lipid concentrations. Material transfer of PP or PTFE onto the underlying skinmodel substrate could be an additional factor for the constant friction traces. PTFE transfer was confirmed by X-ray photoelectron spectroscopy (XPS 5600 LS, Physical Electronics, Ismaning, Germany).
Although cleaning with low-surface-tension agents (70% ethanol, 23.8 mN/m) cannot be ignored and affects the physico-chemical surface properties, the results for the different materials (Table 4 ) demonstrated clear differences allowing the categorisation into hydrophilic, high-SFE (glass, steel) and hydrophobic, low-SFE (PP, PTFE) sliders.
Study Limitations
To the authors' knowledge, there is no literature available on the formation, assembly and orientation/arrangement of sebum lipids on the skin surface. Therefore, a simple spray method was used to prepare sebum films of relevance to the in vivo skin situation, with the aim of demonstrating the feasibility of lipid-coated skin model surfaces. The main focus was placed on the bio-mimetics of the lipid surface chemistry rather than on the investigation of lipid structure, conformation and molecular orientation.
The manual spraying process is labour intensive and a substantial part of the lipid solution can be lost into the air. Therefore, imperfections and film inhomogeneities cannot be completely ruled out. Homogeneous lipid coatings and an improved reproducibility could be obtained by automated vapourisers [10] . The theoretical calculation of the nominal film thickness assumes a homogeneous thickness distribution of the lipids, which could be analysed and checked by surface mapping using atomic force microscopy.
Contact angle measurements on the rough skin model surfaces provide relative rather than absolute values of the SFE, allowing cross-comparisons of the different lipid coatings on the same substrate if wetting phenomena (e.g. hemi-wicking and pinning [57] can be excluded or neglected. Such effects played a negligible role in our experiments, so that differences in the SFE can plausibly explain the friction results shown in Sect. 3.5.
Summary and Outlook
An artificial sebum formulation was applied in physiologically relevant concentrations (B100 lg/cm 2 ) to an existing mechanical skin-model substrate in order to simulate the lipidic surface chemistry of human skin. The lipid-coated skin models demonstrated lubrication effects over a wide range of sliding velocities and normal loads. On the skin models, COFs of spherical sliders increased with sliding velocity, which can be attributed to greater adhesion due to increase in ISS. For lipid-coated skin models with lipid concentrations of B10 lg/cm 2 , COFs increased with normal load probably due to a greater ploughing component of friction. The decreasing trend in the COF found for the 100 lg/cm 2 lipid film surface indicates considerable reduction of adhesive forces, in combination with a transition to mixed lubrication.
In friction experiments with lipid films of increasing thickness, U-shaped friction curves were obtained for the hydrophilic, high-SFE materials (steel, glass), with the lowest COF (&0.5) against skin-model surfaces with 25 lg/cm 2 lipids. For both hydrophobic, low-SFE polymers tested, the COF was considerably lower (0.4 for PP, 0.16 for PTFE) and relatively independent of the lipid amount, indicating that both mechanical and surfacechemical properties of the sliders strongly influence the friction behaviour on the skin model surfaces.
In future research, a detailed study on the correlation between COFs determined against the skin models in comparison with those measured on human skin is necessary to validate the present skin models.
The orientation and organisation of the sebum lipids on the skin model remain to be explored in detail. Skin-model surfaces with B25 lg/cm 2 lipids seem to realistically simulate the physico-chemical properties of dry, sebumpoor skin regions. The development of a refined hydrolipid skin model might also permit water-content variation and adjustment to physiological skin conditions. In particular, sebum-coated skin models with a porous surface and a compliant subsurface might be an advanced and more versatile tool for objectively studying friction and adhesion, as well as wetting behaviour and dynamic penetration mechanisms of liquids and emulsions on simulated dry and wet skin surface conditions, not only for tribologists but also for cosmetic chemists.
